
ygjllltm= -

AIM 94-3374
Miniature Propulsion Components for
the Pluto Fast Flyby Spacecrati

Douglas H. Morash
Moog Inc., Space Products Division
East Aurora, NY

Leon Strand
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA

30th AIA~ASMWSAWASEE Joint
Pror)ulsion Conference

June 27-29, 1994 / Indianapolis, IN
FOr pmnldon to OOPY or rwbll$~,  COti~ t~ A*o*n ln~~ ~ A~* - ‘~*o
370 L’Enf8M Prom.n-, S.W., W.shln@on,  O.C. 20024

●



.

MINIATURE PROPULSION COMI’ONENTS
FOR THE PLUrrO FAST FLYBY  SPACECRAF”l

Doughs IL Mo~ash*
Moog inc., Space Producb Division

Hsst  AuroAI  , N.Y. 140S9

I.FON S1”RMW
Jet Propukion Labor~tory

California btituk  of Technology
Pasaden8,  G}ifomia  9]]@J

&ymlKJt

Pluto i~ the only planet in our solsr syatcm not yet
vkitcd b y  OUr SplKXZ?Z3ft. Rcctnt  ob6e.rvatiorw
through  the Hubble Spacz  Telescope have given us a
g]impsc  of Pluto  and it’s moon Charm-t, but their
stnBll  siti and it-menu distsnw fmm earth hnvc
prcserwd their mystery. A novel  Pluto  spacwrsft is
being desigimd to meet the chalIen& facing
planetary rtda$iona tcday:  be smaller,  be lighter and
h. ICSR  Cxpcnsive. In fact the preliminary drxign
calls  for ● nhick.  ‘tit is lus than one-quarter tbe
sin of h Voyager Spcecraft.

Drawing ufmn miniature valve teclumlogy developed
for various Strategic Defense Initiative (SDI)
p r o g r a m s ,  Moog has ckvcioped three mitiature
cmtrqmnents  for this vety small  110-164 kilogram
(includes propellant) apacx-etaft:  cold gas thruster
(7.S g), latch valw (60 g) ad regulator (300 g).
Design details awl performance data are presented
for csch Wmp0ru3nt.

~nducti.ofi

The Jet Propdsion IAIboratory (~) is  the tesm
k-adcr o f  a N A S A  progmrn  to dcvebp a
reconnaissance mis.aion to Pluto and it’s  tncmn
chaIoB.

M currently envisioned the miS$iOn will consist d
two specccrdl launched on sepatatc  vchicks in
20W2001  on dirczt Imjectorios t o  psss  within
-15,000 km of Pluto  and Charon in 2fXW2011.
Scientific dtu will be obtained  during the flyby and
tkn tmnarnittcd  to earth sftr.r the cncountfr.

‘ F@nctring  Ma’rw&r,  MeI&rAIAA
T Member Twtil Staff, Awociate  FCkW AMA

IWO vcv small spacecraft am hing  dcaigned  to
perform this fimt exploration of our outermost
planet. Fxisting plans have each spacwraft
configured with four scicntifk  imtruments designed
to obt.sin data on Mh hemi~phem.s of Pluto and
C!hnron in the form of visua~  irnagcg,  infrared and
ultraviokt data and radio sicie-. The goal of the
mission is to deliver two lfM kg elms spaczeraft
costing lms than $400 ndllion  for both, on direct
tr-ajcctoric4  t o  the Phtto’Charon  system talcittg
approximately 7-10 yedm. A direct tra,jutory  will
allow tbe 8pM2ccdt to arrive before the collapw of
Pluto’t  atmoapkre. Pluto’s orbit  erourd the mn
reached it’s 29.7 AU perihelion in 1989 and is
currently traveling towards it’s 49.S AU aphelion
which should occur in 2113. A @ result , it’s
atmoapherc,  which  is believed to exist for only about
the warmest few decades arotnd pcrihdionj  wili
begh to cosdense  onto the aurt%ce of Pluto, thus
ending the opportunity for acicntific  atwiy of Pluto’s
atnmapkm  for another -200  years.i T3e
requirement for a kaa than 10 yar cNis&  p]aca  a
prcmiurn on low spaetzraft  mass.

Initial design  atudica produced a spacecraft masa of
165 kg with p?O@lSnt, NASA’S Of&c of
Advanmd Gmqta and Teohmiogy  i s  fund ing
rwearch a nd demonstration of IWW tedmobgkx  that
wiil bcmfit the P1uto mif4aion.  Uodor e p rogram
eAlkct Advancd Technology InscrliorI  NASA has
funded prmfmf~~ hwdwarc development to
enabie the Pluto  Fast Flyby spctxxaft  to b redud
to 1(K) & It is under this  activity tkst Moog has
devtbpxf ad dernmstrati  miniature propulsion
mmpcmem.

Copyright 0 Ancrican Ir&ituW for AeronaWlcd  and Astronauticsj

AH rights  rcacwcd,
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Tbe baseline propulsion systcm includcr+ a set of
monoptojxllant  bydrazine  thrusttra  f o r  trajcdory
(Mm V) cmrmdicma  and  a  bank clf c o l d  gas
lhru6tem  for thrc.e-axis  atabilimtion.  13c propulsion
system ia a hybrid bJowdown design  which utilizts
a portion of tbe hydrazine tank pressurant  gas as the
working fluid for the cold gas attitude control
tbrustcra.  Figure 1 Bhowa the tition  of the tbruatcrs
on the. spMMraft  and Figure 2 is a schematic of the
propulsion ayatem.

Rcdundarry is prwvkted through tbc uae of multiple
tbrwter  branehea and latching kolstion valves. Ikcb
branch of delta-V thrustem  wmsist  of three 4,4 N
(1 lbf) thrusters which also provide the thrust vector
control fuw3ion when the firing acquence  and
dumtion arc controlled. ‘Ile hydrazine tank will be
mprcssurizd  as required throughout tbe miwion.
Fiich attitude control thruster branch bas eight
O.(W5 N (0.031 M) thrusteta.  Cold gzs tbrustera
were sele@ed for this mission bccJuse  they sttbfy
the thrust level, msponsc time and minimum irupukc
bit rcquirenunts  isi addition to minimizing pmutial
spcwraft  impingement problems. The delta-V
thrusters will  utilize redundant tbrwter  valves and
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tbc. cold gas thrwtcm will have single valves. Dual
valves ar; also Iwing considered for the cold gas
tbtwtcrs,

Over the past several yem Moog hag made
si~”fic~nt stim i n  redudng fic sizx and mSSS of

propulsion cxmponcnts i n  rtspotw  t o  aeveml
Str8tegic  Defense Initiative Progmms. An example
of current gaina in i-educing hardware size is given
in ,Figurc 3. A combination of gcmd engineering
praetkx% and technobgy  advances over the years hag
snowed us to achieve  tiignificant  reductions in
envelope and mass. We were abk to ‘apply the
kssons learnt duriq tbe SDI prognms to the necda
of the Plum Fast ~yby  program.

QMl$!qr

The prhmry  CijCCk of the Mvanced Techm@y
Inscttion  P r o g r a m  wwe rcductiom in mass, @
lc4b5  ● nd power comwnption.  Thcac parrwtcr~
ale cspxia]ly  important in light  of the multiple

‘i
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thrustcta uti~iud due tO  ttw redundancy
requiremcn~.  ‘l%e cold gas thruster  , see Figure 4,
conskt.a of a nom~lly  closed slwing fit solenoid with
a simple cmical divetghg  no7Ae. AQ shown in
Figure 5 tbe solenoid baa all welded cmwtruction  tO
minimi7c  external Icalugc,

A helical  spring provides the ckwing  force on tbc
a~mtum  into which a PTFE Teflon SCAI iS swttged.
Tbc valve ae.at is integral with the valve bOdy/no7zJe
wsemb)y.  The coil is wound and potted on a plastic
bohbln  to provide high reliability pcfformaricc  when
cxpoee-d  to spacecraft operational environrncntx. ‘Ihc
cmil as well as the outer plcpiecz  alc inatallcd  from
the m?z.le end of the thntster . Both parts  are
attacbcd  tu the valve tmdy with a spring clip. A 10
micron  filter is used to protect the valve from
contamination in the pro~llant  ga6.

3hNSt @tR~— . .

The Pluto Yast  Flyby tbrustcr sizing waa bsscd  on
experience gaiacd with nummus  other tbrusten
built and @ted by Moog. M- d- not have a
se~itlve  enough thrust stand  to amurately  meatiurc
0,0045N  (0.001 1~ force level a ud the following
method was utilized to cdc-ulatc  the ncces+saty scat
and tbrwt  aj7E.

-— ---- —— . . . ..——

Figure S Cold Gas Thrw@.r Cross Section
.- ———

F. F~pl J&

Whcrr:

F = Thrust (N)
F“ = ThruBt  Coeffkient(non-dimmsional)
pi = Jdet Pressure (MPa)
& = Equivaknt  Flow Area (mrna)

The theoretical beat v.aiue of the thru~t coefficient is
1.9. P r io r  expcncmx  has produ=d thrust
cocffkicnts  in the range of 1.2 to 1.4. A thrust
coeflkknt value of 1.3 was used for all sizing
calculations.

Tbe th&t  output was cakulatcd  acxxmling  to the
follou@ equatinn:

Table  1. Cold G-w Thruster Cbaracteristi~. .—
Chnrsi@“Stic Requlre~s@ DemQusftalkcl Value

.——
Opera t ing  Fluids  . — ON1, Hydrazkic Vaya

——
GN2 ‘“-

Weight s 20 g (0.044 lb) 7.34 g (0.016 ha)
Thru13t 0.MM5N(OSX)1  lbl) @ 34,S kPa (Spi) 0.MM5N @ 34.5 kPa inlet prcaause  in

at Pull - In
Cycle life 15*MXI cycles _ ls,m eyclea . .

4
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Whcrt:
1- “lhrust  (N)
w. How RatE(K@)
Tl= Inlet  Gas Tcmpcratur+’K)
F*= Thrust Grffkicnt
K= How Cnnstant  for Nitrogen, 0,0.3975 (s~K/rn)

The rcpofied  thrust Icvel is the aver-age of three
values calculated from data measured al inlet
preasura  of 0.035 MPa ( 5 pi), 0.35 hfi%( 50 ~i)
and 0.69 MPa (lfKl psi).

~Pm .~mrncnts  sncj  I)croorM!ated
PWf~<

Tablr 1 list the requirements spcifkation  and the
demonstrated values from the. two proof-f  -coD&pt

uniLa.

Future ~skr Developrne~~— .

Sin&  Khis wa~ a ntinimum  cost and therefore a
minimum limit of tape contract, not all thruster
chamctcristics  were demonstrated. Future work will
include. additional life cyck k.sting  and expmurc to
environnwnta]  extrerncs.  Bawd on results from test
programs with sirnhr thrusters, we prrdict Ihat the
Pluto Fast Flyby thruster is capable  of satisfying all
program rcquircnients.

Iatch valve

Tle proof-ofenq4  latrb valve is shmvn in Figure
6 and is 21.3 mm ( 0.84 in) in diameter by 43.2 mm
(1.7 in) long and weighs 73 g (0.161 Iba). A cnMs-
sixtion  of th valve is given in Figure 7.

The latrh valve is a coaxial soknoid with pcmlancnt
magnets whkh provide bistnbk  opcratiom  The valve
h hermetically aeakd with NO electron beam welds
at each erect of the valve body. The solenoid coils
arxi the permanent rmgnets are located outside tbc
prmurc c4mtaintwnt  portion of the valve My.
Magr@ic fidd pieces arc utili?fid  at the ends of the
coils  and Mwcen  tbe permanent rnagnt.ti  and tbc
valve bxty to efficiently transmit the magnetic flux
through tbe thin wall pmlion of the WY into the
pkpiems  and the working air gaps of the solenoid.
T h e  valve  My is a thin wall  302 CRES NIx
(tiLsnium ir+ an altematc mntedal) w i t h  thradcd

—.

ends tri facilitate assembly and to allow the valve
stroke to be sel by shims. ‘A poppet ammbly with a
rnoided rubber seal is mechanically attached to the
armature and is cM@rred  such that the gas can
pass through the center of the poppet when the valve
is opm  A mall 10 micron inlet filter prevents
contamination from entering into the valve. The
armature, pokpieces,  field pie~-a and coil cover are
made from 430 CRES. The pppc~  seat and inlet
and outlet tub am made from 302 CRFS.

Mllgtldk circuit

‘I%e magnetic circuit for the latch  valve is shown in
Figure 8. The flux gcnmted  by radially charged
neodymium magneta  provkte  the latching form  in
Mb the oprn and closed positio~q.  Sincx the. length
of the air gap are different at each end of the
armature, M flux  density and tbercfore  the magnetic
form is also urwqual. The shorter air gap will
alwapi  carrj the greatest arnouni  0[ flux prculueing
Ihe larger form. The magnetk  circuit is stied to
provide latching forw$ large eraough  to secuttly hold
the am~ture  in the lard commanded ptition  tinder
all environmental conditiom.  Whett the coilg  are
encrg,i7rd  he coil generated flux will add to the
permanent rmgnct  fh at OM. air gap and subtract
from the pem~ne~t mgnct  flux at the other air gap.

5
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F@rrw 7 Latch Valve C- !Jectkm
_.—. —.. . . . . . . .

P, 8

The result  is a net fore@  on the armature which Ptrformmtw Rcquiternenta and Lbemoqs@@
s-nova the srnmture to the desired position. Thc

pohrity  of tbe opening and closing coils are rcvcmed
to provide the proper arxnaturc motion. ‘k pokfkm TabJe 2 Ibb be  6PtCifiitiOfl  R+lirCSIWDtS  and the
area on the “closed” end of the armature is aired to dcmonatrated  vaiuck f r o m  the proof-of-cxmcept
control the force tpplied  to tbc scai. ~le vslve  is hardware
operated by appIying  a 50 ms pulse to either the open
or close coil. Futurr  1AC4 y&e De v-

In order to demonstrate that the existing latch valve

_— . . . . ——— _ ——

~ CO I L FLUX

[f
PFR14ANENT  MAGt&T
FLUX

— .—. . .—

—

Ilgurt  $ IAtch Valve Magnetk  Cimult
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Weifit

QJE@! PEsurc
PrOofPresaure
Ihlr%tPressure
RackP=urcRclief

FlowRatcGN2

—— .- . . .. ——. —
Internal Iaka8e

External ~a~gc
Voltage - O~rating
Pull-h

. ..—. .—
Fewer -

Cycle Mfc
Kcqcmse

Filtration

Table 2 l~tch ValVa Characteriatica.

==1
GN2, Hydrazint  Vapora

—  — - . .
GNJ

s 1(Q go .22 lb$) I 73 g (0.16 lb)
2.07 MPa (303@) ] 2,p~ MPa _..
3.1 MPa (450pi) 3.1 M%
z 5,2 MPa (750 psi) &
42& 2$0 kPa ( 6 0  z40 pi) 6ZU rm’a ~w~ pi) I
differential] I
2.0al/m(122inB/m)(max) 2.CkUr@2in$/rn) “
@ s 14kPa(2paid) @ 0.6 kPa (0.0S paid)

sO.01 cm3/m  GNI 0.0 c13?/3u
@ 2.07 MI% (300pl) @ 2.01 MPa

S1 x 105cm3/m (662,07 MPa 0.0 cn?lrn “--+
2A to 32 Vdc 2A to 32 Vdc
20 Vdc s6Vdc open

s 2 Vrtc dat—  .  .
15W mx, @z8 Vdc,20;C@”~ 13.8 W @28 Vdc,-~TC .
k s,tm  Cyclcg 50,0m eyclea
50ms  @ 24Vdc, 2ma @ 2Avctc,
2.07 MPa@Wpsi),  45°C(1130F> 2.07 MI%, 20”C
s 10 micron absolule 10 rnlcrcm sbsolute

design in flight ready additional cnvirornnental
tedng  will have to & pxfomwl.  JF’L is planning ti)
run operating and non-operating perform ncz
throughout tbc tempature range of -20”C (-4 O!) to
70°C (158°F).  AIao performance during and after
expcwre to vibration and shock will be
dcmonatrnted  in tk near fhture,

Daign optAM for the addition of a mvitch  for
positional statua indication me being evaluated.
This option will increwe tbe mass  of tbe valve
dcpmding  on the type of switch utilized. A
rnecbankal swikh will produce tbe grtit.wt  incmse
in rrma. If a Hall Effect Dcviee is wed the rmas
inereasc  will bc minimized.

J@@!@!

Tbe Pluto F’aat Flyby regulator de$ig-rt  was adapted
from the Mcmg pEgulAtor  developed for the ROSAT
“Mixed GM Premunution  System”. Tbc I%!cnlge.n
$ATellite  cdkd ROSAT is a Bcic.ntifk  s a t e l l i t e
funded by tic  Gcrnun Government and draigned  to
study xwiy cmimbns tJy mapping  the x-ray a@vity
over a two year period. It waa Iauncbcd  in JUM
1990 by a Della rccket from Cap Kennedy. IKXAT

Figatw  9 FkmZoi Cwctpt Regulator

P, 9
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has cxc~exkel it’s design  life of IWO years and is just
coming to the end of it’s gas supplies,

‘Ibe ROSAT regulator was redesigned and
repsckagt.d  10 address the unique requirement of the
Pluto Fmt Fly-by mission; lowcr  flow, Iowc.r outlet
pre.WJrE  t+rad Ie&a m a s s . Figure 9 sbowa a
pbomgraph of the proof-of cowcpt xgulator  and
Figure 10 is a crew section  of a flight design.

QP!W@29

TIM regulator is de$igned  10 operate with a 2..07 to
0.10 MPa (300 to J 5 psi) inlet supply  of GNa while
rr~intsining  an outkt pressure of 34.5* 2.07kPa
(5M3 psi). Onct the regulator reaches O.lMPa (1S
psi) inlet  pressure tbc. regulator is full  open and St
tbe emt of providing a contmlied  outb.t prc=ure
kvcl. If flow demand pcrakk, the regulator will
simply  stay open and act as a fixed orifim  restriction
with the outiet  pressure dropping below 34S kPa (5
pi) until all tbe gash used.

-l-he regulator achieves this perfonmxm
characteristic try seining outkt pressure and
rtwdubting  8 very small ball valve, Wren rhc sy8tem
k initiated and inlet  pressure appeani  around ttrc
iMll,  gas flows upward past the seat edge in [be

annular flow pawagc bctwcc.n the seat and t h e
W@ ~~m to the outlet”  ~f the dow’~~~am
thrusters arc closed tbe outlet pm~sure  will nisc until
the hall Pppet sbub off Ihe flow. Irrcrca&ing  outlet
pressure compIeE.sM tbe bellows and the form
rtferencz  or regulation gpring.  The bllcvilie  spring
attached to tbe lower &llowz  end plate serves as a
!cvcr between tbe poppet stem and the &]lows. ‘f%c
pivot  jmint  is tbe outside ed~ of the bclkwille
spring. ‘l%e sensing bellows motion  i~ four times
larger than the valve strolie, Wbcrr the outlet
prrxsure RACIXS a value a littk  atmve  34.5 kpa (5
psi), the lower tdows  end plate bas moved enough
f o r  t h e  bali po~t lo seal  agaisut tbe sat  not

aliowlng  any further flow or outlet prc.w.rm increase,
‘f”be regulator is DOW closed and the outlc.t prerssure
trapped (lo&d  up) downs~m of the regulation
valvt,

Any flow demand  on the outlet will MM’ CXIUW  the
outlet prcwure to drop thus making the fotez balance
between the apnrq  and bclbwa go n~gative.  The
higher apnng fnru movti the lower bellow  cnd
plate and poppet stim downward opning tbe valve
ad allowing flow to the outlet wbh again increases
the outkt p~9U=. The krcashg  outlet pressure
stArts to ciose the valve. In thin manner, outkt
pressure ia regulated aroud  8 pressure net pint  of

—. . ..— .— -.. . .- ._— _-

F@rrm 10 l’tighl  Rcgubtor  Cmms !$ectkm
..— . _  — _ . —.-.—
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34.5 kPa (S psi) pRMUrt differential with respect b
ambient.

Regulrrtor  performance characteristics arc a measure
of how WC]] the OMIC1 pressure  is maintained under
all possibk flow and inlc~ presaute  conditions.
AKumcy  of controlled outlet pressure (width o f
prcs-sure control band) is dependent cm the following
four major pararnetera  and their effefi;  droop, inlet
prwaum range, operating temperature renge and
friction. A portion of the allowable pressure control
b a n d  nccda  to b alioded  to each of  tbcse
parametem.

M!2P

Regulation droop or the drop in owkt pressure
which  ia required to open a regulator from zero tn
full fioe. It is a part of any regulator design. Tbe
amount  of droop is a judicial design clmice
influenced by the regulation spring rate and tbe
p o p p e t  stit ecmfiguration.  A value of 1.04 Wa
(0.01S psi) wag allocated to droop. ‘MI  translates
into a forcz change of 0.0S8 N (0.26 M) out of 44A8
N (10 lbf) to go from tbc closed position to the full
open stroke when tbe inlet pressure is t minimum.

Minimum inlet pressure and manmum flow
requirements sims a regulator, A flow rste of $M/m
GN2 at 0.345 MPs ((50 pi) upstream pressurt  Drut
34.S kPa (5 psi) downstmm  pressure is met with an
equivalent square edge orifice diameter of
approximakly  0.356 mm (0,014 in) diameter. The
Pluto Fast Flyby regulator was designed to this
maximum flow area with a scat diameter of 13 mm
(0.051 in). For simplicity and eompactnem an inlet
preaaure unbalanced design was selected and
therefore sltowarwc~ for the range of inlet presaum
must be ma&.  Tbe high irdet  pW.5WC Of 2.07 Mpt
(300 psi)  exctts a h@er force on the ~11 po~!
than when tbe inkt  pressure ia at 0.345 MI% (SO
psi), This differcnct  will result in a shifl  of tic.
nominal prcaaurc set point. This is part of the
prexsure band -d tilctrlatcs  to k, 532  kPa (0.08
psi) for tie 1.73 MI% (250 psi) inlet pressure rnnge.

P,]]

Ambient o@atioru 1 temperuturc  range from -20”C
(+”F) to 70”C (158°1] will result in a small but
me.asurabic  modulus change in the spring material.
By our estimates, this ifi about 3% of tbe 44.48 N
(10 lb~ spring and bellow form and hence. a delta
forcz of 0.067 N (0.015 lbf) which tyanslatcs  inm a
regulation pressure shift of approximately 1.06 kPa
(0.15 p6i).

E&lk?!!

Cmntact friction between tbe prtwute  sensing parts
in tbe regulator is another contributor lo outlet
pressure vatiation.  By scleoting  a design with a
bcliows and bclkvilte  spring, friction was held
within sprcifiation  tolera ace,

Regulation accuracy bandwidtb is the sum of tbc
effe.c% of droop, inlet pre6suw range, te.mpature
w nge and hidion  as shown below:

Parame~ I Ikl@ P ressure
- - - 1

h o o p - 0 . 1 1 7  M% (0.015
psi)

Inlet Prc5surc =0.S52 kPa (0.08 psi)
Temperature =1,035 kpa (0.15 psi)
Friction =0.690 MVt 0.10 psi)

Total Accuracy  J =3.312 k.pa O~~-psi

During Ill development testing at Moog the
regulator demon..trated a pressure regulation
accuracy of 3.45 kPa (050  pi) under all
combinations of opcrsting  cxmditions  which is well
within tbc required band of 4.14 KPa (0.6 psi). A
typical regulator output flow - pressure  cuwe ig
t+own in Figurt  11.

Extemive  development testing was perforrrwd  to
verify regulator performarme  in the’ ● ca6 of leakage,
lockup prebaurc, overshoot arbd slam start operation
over the temperature range of -20”C (4°J7)  to 70’C
(158°F).  In all ca.w the regulator was well within
specification re.quirementa.  Table 3 summarizes the
spxilkation  requirements s d the derncmtrated
performanm of the pmfafamept  h a r d w a r e .
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The regulator was exped  to more dcvelopnwnr Three ndtdature  cmrpcments  for the Pluto Fmt Flyby
testing than eitkr the cold gas thmster or the latch propuls ion 8ys*m have been Wcccsafhlly
valve, AS I result  the design is mature enough that demonstrated witi, prmfmf~nqt hardware and
it is ready for a formal  qualification test progran~ initill development testing. This  devebpmcnt  teat

program deruonstmtes  the ftxmibility o f  extrenudy

Table 3. Regulator CbarsctAsbca
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light  weight propukion  componcn~  a n d  provkk
tbc confkicnct  to continue the advance plfinning  for
a ligb?weigbt  spamcrafi  for the Pluto rni.ssion.
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